Agr is an autoinducing, quorum-sensing system that functions in many Gram-positive 21 species and is best characterized in the pathogen Staphylococcus aureus, in which it is a 22 global regulator of virulence gene expression. Allelic variations in the agr genes have 23 resulted in the emergence of four quorum-sensing specificity groups in S. aureus, which 24 correlate with different strain pathotypes. The basis for these predilections is unclear but 25 is hypothesized to involve the phenomenon of quorum-sensing interference between 26 strains of different agr groups, which may drive S. aureus strain isolation and divergence. 27
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Whether properties intrinsic to each agr allele directly influence virulence phenotypes 28 within S. aureus is unknown. In this study, we examined group-specific differences in 29 agr autoinduction and virulence gene regulation by utilizing congenic strains each 30 harboring a unique S. aureus agr allele, enabling a dissection of agr locus-31 dependent vs. genotype-dependent effects on quorum-sensing dynamics and 32 virulence factor production. Employing a reporter fusion to the principal agr 33 promoter, P3, we observed allele-dependent differences in the timing and 34 magnitude of agr activation. These differences were mediated by polymorphisms 35 9 and enzyme assays. Assay of β-lactamase activity was performed by the nitrocefin 178 method as described (36) . Assay data were normalized to β-lactamase units (V max /OD 650 ). 179
Exoprotein Analysis. For qualitative analysis of hemolysin production, cells 180 were patched on SBA plates, followed by overnight growth at 37°C. For SDS-181 polyacrylamide gel electrophoresis (SDS-PAGE) analysis of exoprotein profiles, cells 182 were washed and grown as for reporter assays, and samples were collected at the 183 indicated time points and cell density measured. Culture supernatants were isolated by 184 centrifugation and sample volumes within each time point were normalized on the basis 185 of culture densities. Protein was precipitated with trichloroacetic acid, resuspended in 186 SDS loading buffer and separated by SDS-PAGE in a 12% polyacrylamide gel, followed 187 by visualization using Coomassie blue dye (41). Secreted β-lactamase from the same 188 samples was analyzed by zymography with a method adapted from (49, 63). Samples 189 were run on a 15% polyacrylamide gel, the gel was washed in water twice for 20 minutes, 190 incubated in 500 ml renaturation buffer (50mM sodium phosphate buffer @ pH 7.0; 1% 191 triton X-100; 0.1mM ZnSO4) at 37°C for 4 hours, and then overlaid with filter paper pre-192 soaked in 50mM sodium phosphate buffer, pH 7.0, containing the chromogenic substrate 193 Nitrocefin at 0.25mM. Protein identification by mass spectrometry was performed by 194 proteolytic digestion by trypsin of excised gel slices containing the protein band of 195 interest followed by analysis by liquid chromatography-mass spectrometry (Skirball 196 Protein Analysis Facility). 
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In order to construct congenic strains each harboring a unique agr allele, we 201 inserted the agr genes, cloned from the chromosome of prototypical S. aureus strains 202 belonging to each agr specificity group (Table S1 ), in single copy within a Δagr strain. 203
We utilized the staphylococcal pathogenicity island (SaPI)-1 att C locus (16, 23, 24) as the 204 insertion site, noting that this position is at a roughly similar distance from the 205 chromosomal origin of replication relative to the native agr locus (Fig. 1A) , enabling 206 similar gene copy numbers at these locations in exponentially growing cells (14, 81) . We 207 employed two S. aureus strain backgrounds, RN7206 and HF6122, which are Δagr 208 derivatives of NCTC 8325-4 and Newman, respectively (Table S1 ). These strains were 209 selected because of their differences in expression of transcriptional regulators including 210 Sae (2) and σ B (8), their differences in agr activity (8), their global differences in 211 virulence factor production (29), and their wide use by several labs as prototypical WT 212 strains (6, 15, 17, 61, 65). Integration of SaPI-1 into its att C site invariantly occurs in the 213 same orientation (64), and we verified the identical orientation of each agr locus in the 214 chromosome by PCR (Fig. S2A) . The functionality of the agr system from this site and 215 the specificity group identity for each resulting congenic strain were confirmed using the 216 plate-based agr typing assay (77) (Fig. 1B and C) . 217
Cell growth in culture was observed to be identical for congenic strains of the 218 Newman background (Fig. S2C) , and nearly identical for those of the 8325-4 background 219 (Fig. S2B) ; the agr-III and Δagr strains in this background were associated with slightly 220 increased culture turbidity over time, consistent with earlier observations with agr mutant 221 cells (unpublished data). These differences were eliminated when early-exponential phase 222
on June 20, 2017 by guest http://jb.asm.org/ Downloaded from cells were diluted to a lower cell density (Fig. S2B inset) , presumably because of dilution 223 of residual agr transcripts and AIP carried over during subculture. 224 225 Allelic differences in agr induction dynamics. 226
We have previously observed differences in the timing of RNAIII transcription, the 227 immediate consequence of agr autoinduction, across divergent S. aureus strains 228 belonging to different agr groups; most notably, RNAIII is induced very early during 229 growth in group IV isolates, about 3 hours earlier than in other groups during standard 230 culture conditions (33), and group III strains have been observed to induce RNAIII 231 transcription late compared to the other groups ((69) and unpublished data). The 232 contribution of the intrinsic properties of each agr allele in determining the timing of 233 RNAIII expression, relative to the effects of extrinsic regulatory factors elsewhere in the 234 genome, is not known. Similarly, a uniform analysis of group-specific differences in agr 235 activation magnitude has not been reported. In order to explore the activation timing and 236 maximal signal strength of each agr allele in the congenic strains, we employed a fusion 237 of the β-lactamase reporter gene to the principal agr promoter, P3. The agrp3-blaZ 238 construct was cloned into a suicide plasmid containing the phage φ11 att P sequence (42), 239 and inserted in single copy into the corresponding chromosomal att B site (Fig. 1A) . A 240 promoterless blaZ construct at this position resulted in reporter activity barely detectable 241 over background (Fig. S3A) , indicating that gene expression from this chromosomal site 242 is not affected by exogenous transcriptional read-through. 243
Using the agrp3-blaZ reporter, we next determined whether the chromosomal 244 position of the agr locus affected its activation. We observed similar agrp3 induction 245 12 kinetics and maximal signal levels during growth in culture in cells containing the agr-I 246 locus at its native site or at the SaPI-1 att C site (Fig. S3B) . We also observed similar 247 exoprotein production levels, as measured by SDS-PAGE of culture supernatants (Fig.  248   S4 ) and SBA analysis (Fig. 3B, top row) , with agr in its native site or at the SaPI-1 site 249 within the same genomic background. These results indicate that the SaPI-1 att C site 250 functionally substitutes for the native agr site for these studies. The vast majority of nucleotide polymorphisms among the agr alleles occurs in the 292 hypervariable agrB-D-C region (Fig. S1 ), while a much smaller subset of polymorphisms 293 occurs in RNAIII, the agr intergenic region (containing agr promoters P2 and P3), and 294 agrA, for which the resulting protein sequence is absolutely conserved. Single nucleotide 295 changes in the agr intergenic region, however, can have a large impact on expression of 296 this system (71). To determine the relative contribution of each set of polymorphisms to 297 differences in agr activation properties, we analyzed agr locus chimeras in which locus 298 segments were swapped between alleles at a conserved site immediately upstream of 299 agrB (Fig. S1 ). These chimeras were functional, as indicated by agrp3 reporter activity 300 ( Fig. 2C and D) . In each case, the chimeras demonstrated activation signal timing and 301 magnitude that behaved according to the group identity of the fragment containing the P2 302 transcript genes (agrBDCA). For example, in all backgrounds, chimeras involving this 303 region of agr-III demonstrated activation kinetics virtually identical to that of the WT 304 agr-III allele, and in the Newman background in which chimeras involving agr-II were 305 tested, the construct containing the agr-II P2 transcript genes behaved similarly to WT 306 agr-II ( Fig. 2C and D) . These results indicate that the P2 ORFs (agrBDCA), as opposed 307 to the P2 and P3 promoters and RNAIII, determine allelic differences in agr induction 308
properties. induction (2 hours) and after maximal induction levels were reached (7 hours), and 318 measured agr reporter activity. Addition of AIP-III at 2 hours resulted in agrp 3 activity 319 that was earlier and of higher magnitude compared to that observed with no exogenous 320 AIP (Fig. 2E ), and the maximal signal level reached was roughly commensurate with that 321 of the other agr alleles in this background. Addition of exogenous AIP-III at 7 hours, 322 however, did not result in any further increase in agr signal strength (Fig. 2E ). This result 323 can be interpreted in two ways: either all AgrC receptor molecules are already saturated 324 with endogenous AIP at this late time point, or additional AgrC activation does not lead 325 to further transcription from agrp 3 or expression of the transcript at this stage of growth, 326 perhaps due to extrinsic, stationary phase-dependent limits on gene expression (32, 38). 327
Activation of agr-I was also hastened by adding exogenous AIP-I at the early (T0) time 328 point, but the maximal signal level was not increased (Fig. 2F) Production of exoproteins such as hemolysins in S. aureus is controlled by both 338 the agr system and by regulatory factors encoded elsewhere in the genome, the 339 expression and activity of which often vary across strains (9, 15). Given the differences in 340 induction timing and magnitude among the agr alleles, we hypothesized that these 341 differences would lead to variations in exoprotein production when examined in congenic 342 backgrounds. As an initial test of this hypothesis, we analyzed hemolysin activity 343 qualitatively on sheep's blood agar (SBA) plates. Strains were cross-streaked with 344 RN4220, which produces only β-hemolysin, to facilitate identification of the activities of 345 different types of hemolysins after overnight growth. An interpretation of the resulting 346 hemolytic patterns is shown in Fig. 3A . As seen in Fig. 3B , the parental strains (the agr 347 specificity group prototypes from which each allele was cloned) each produced a unique 348 hemolytic pattern on SBA. The agr-III prototype, a toxic shock syndrome (TSS) isolate, 349 produced very low hemolysin levels, characteristic of strains producing the TSST-1 350 toxin, which is associated with repression of exoproteins (53); in contrast, the agr-IV 351 prototype produced large amounts of hemolysins that synergize with β. With the 352 congenic strains the global differences across specificity groups were no longer apparent 353 (Fig. 3B) , illustrating the role of background genotype on hemolysin activity. 354
Reproducible decreases in the production of β-synergizing hemolysins, however, were 355 observed with the agr-III strains compared to its congenic counterparts, particularly in 356 the Newman background; likewise, the agr-IV strains appear to produce more β- because of the very low levels of many non-δ-toxin PSMs in the latter strain background 363 (18). These experiments demonstrate that while differences in hemolysin production in 364 strains with a functional agr system are globally determined by the background genotype, 365 allelic variation of the agr locus has an effect on the production of at least one hemolysin 366 type, the β-synergizing hemolysins. 367 SBA tests of S. aureus congenic strains containing the interallele agr chimeras 368 tested in Fig. 2 agreed with the corresponding reporter data: chimeras involving the group 369 III agrBDCA region generally demonstrated reduced hemolysis, predominantly due to a 370 reduction in β-synergizing hemolysin activity, comparable to the hemolysin pattern 371 observed with strains containing a WT agr-III allele (Fig. 3C) . The delayed and 372 weakened induction signal mediated by the group III agrBDCA region thus results in 373 decreased hemolysin production. 374
375

Influence of agr allele on exoprotein profiles. 376
To explore the temporal effects of agr alleles on production of a range of 377 exoproteins, we analyzed, by SDS-PAGE, exoprotein levels in culture supernatants 378 collected at multiple time points during autoinduction. For these experiments, we focused 379 on the two agr alleles with the most widely variant induction properties, agr-III and agr-380 IV, and we employed strains carrying the blaZp c -blaZ construct (see Fig. S3 ), which 381 enabled detection, via zymography, of secreted β-lactamase as an agr-independent 382 on June 20, 2017 by guest http://jb.asm.org/ Downloaded from internal control. Over the time points analyzed, β-lactamase levels were similar between 383 agr-III and agr-IV samples (Fig. 4B and D) , with the exception of one sample (T20 384 8325-4 agr-IV, Fig. 4B ), for which the corresponding cells had presumably lost the 385 reporter plasmid after overnight growth without selection. In contrast, overall exoprotein 386 profiles, as revealed by Coomassie staining of the same samples, were visibly different 387 across all time points between the two alleles in both 8325-4 and Newman backgrounds 388 ( Fig. 4A and C) . With respect to overall exoproteins produced, agr-III cells of the 8325-4 389 background appeared to lag behind the congenic agr-IV cells by about 2 hours, consistent 390 with the temporal gap in agrp 3 reporter induction between these strains ( Fig. 2A) , 391 resulting in differences in exoprotein patterns at each time point that were quite dramatic 392 (Fig. 4A ). The differences in exoprotein production between the two alleles was less 393 dramatic with the Newman strains and, unlike the 8325-4 background, these differences 394 did not appear to reflect a temporal shift between the two agr groups. Several distinct 395 bands appeared in agr-IV supernatants that were much less abundant in that of agr-III, as 396 well as one band present in agr-III samples that was not visible in agr-IV samples (Fig.  397   4C) . We determined the identity of three of these bands by mass spectrometry. Δagr cells (Fig. 5) . Notably, the degree of this relative decrease depends on the agr allele 420 present, and is commensurate with the timing and magnitude of agrp 3 activation by each 421 allele (see Fig. 2 ). For both strain backgrounds, maximal inhibition of Rot translation is 422 observed with agr-I and -IV, the two alleles with the earliest and strongest agr activation 423 dynamics. This is followed by agr-II with an intermediate degree of inhibition (which is 424 also delayed until after 3 hours in the Newman strain), and agr-III, which demonstrates 425 delayed inhibition of Rot translation in the 8325-4 and very low-level inhibition in the 426
Newman context (Fig. 5) . virulence genes encoded in the chromosome (spa and hla) and encoded by MGEs (lukSF-430 PV and tst). As shown in Fig. 6 , transcription from these promoters was affected in an 431 allele-dependent manner. In the 8325-4 background, promoter regulation followed the 432 trend previously observed with agrp 3 activity and Rot inhibition: relative to Δagr cells, 433 cells expressing agr-I and -IV demonstrated the greatest temporal change in promoter 434 activity, followed in order by agr-II and agr-III (Fig. 6A,C,E,G) . In the Newman 435 background, this trend generally applied for spap and tstp reporter constructs (Fig. 6B  436 and H), although tstp was only minimally induced in agr + strains relative to Δagr (Fig.  437   6H ). As expected, the hla promoter was much more weakly active in the Newman 438 background compared to 8325-4, and, interestingly, the activities with each agr allele 439 (Fig. 6D) did not follow the trend observed with reporters for agrp 3 , Rot, and other 440 virulence factor promoters. Finally, although the PVL promoter was very strongly 441 activated by agr in 8325-4 strains, its activity was weak in Newman derivatives and 442 either decreased or plateaued after a short period of induction (Fig. 6F) ; nonetheless, this 443 range of activity depended on the specific agr allele, in agreement with the pattern of 444 expression associated with the agrp 3 and Rot reporters (Fig. 2B and 5B). These results 445 are consistent with previous findings that PVL expression is dependent on agr and is 446 affected by the host background (12, 74) . Together these data demonstrate that allelic 447 differences in quorum sensing signal timing and intensity result in significant variations 448 in the regulation of agr-dependent virulence genes. In this study we have probed the differences in quorum sensing dynamics by the four S. 452 aureus agr alleles expressed by congenic strains. We found significant intrinsic variation 453 in the timing and magnitude of the signal generated from the principal agr promoter, P3, 454
indicating that each of the divergent quorum sensing alleles responds with a unique cell 455 density set-point. These signaling variations had consequences for the overall regulatory 456 network and the virulon in S. aureus, as they resulted in altered expression of the agr-457 targeted global regulator, rot, and several important virulence factors. A hierarchical 458 order in induction timing and strength can be established for the four S. aureus agr alleles 459 based on these results, with agr-IV and -I the earliest and strongest, followed in order by 460 agr-II and agr-III. Knowledge of these signaling differences will aid comparative 461 analyses of virulence gene regulation between diverse S. aureus isolates. 462
The differences in agr signal generation among the alleles were not due to 463 polymorphisms in the agr promoters themselves or RNAIII, and instead relied on the 464 agrBDCA genes, which contain the region of hypervariability. Aside from the four agr 465
ORFs in this segment, we note that an uncharacterized weak promoter, P1, is also 466 present, located between the 5' most RsaI site in agrC and the PvuII site within agrA, 467 based on a previous gene fusion study (60) ; this promoter is believed to function as a 468 constitutive, basal source of agrA transcription. A computationally predicted promoter 469 within a conserved region of agrC (Fig. S1) (the AgrA polypeptide sequence is 100% conserved), the most likely conclusion is that 475 differences in the activities and/or interactions among the hypervariable proteins AgrB, 476
AgrD and AgrC form the molecular basis of the observed allelic differences in agr 477
signaling. Because addition of AIP at an early time point can bypass the delayed and 478 weakened induction characteristic of agr-III cells (Fig. 2E) , a logical conclusion is that 479 the agr-III phenotype is owing at least in part to a reduced production of AIP 
